The anti-tumor agent, Taxol, is a potent LPS mimetic in murine macrophages, an activity that is dissociable from its well-characterized anti-mitotic activity which is mediated by microtubule hyperstabilization. A photoactivatable Taxol analog was used to identify components of a putative, shared LPS signaling apparatus in murine macrophage membranes. We report here that CD18, the β chain of the β 2 -integrin, Mac-1, represents a major Taxol binding protein in murine macrophages.
When we met for the IES meeting in Vienna, Austria, in 1992, we had confirmed the observation of Ding et al. 1 that the anti-tumor agent, Taxol, which bears no structural homology to LPS, 2 stimulated murine macrophages to secrete TNFα. Moreover, we had extended the definition of Taxol as an LPS mimetic by showing that it: (i) stimulated expression of an extensive panel of LPS-inducible genes; (ii) led to phosphorylation of MAP kinases; 3 and (iii) synergized with IFN-γ to induce NO • -mediated tumoricidal activity in Lps n , but not in C3H/HeJ macrophages. 4 We also reported two other significant findings. Taxotere, a Taxol analog with 5-fold greater β-tubulin binding activity than Taxol, failed to exhibit LPS-mimetic activity. In addition, C3H/HeJ macrophages responded to Taxol to form microtubule bundles in the absence of cellular signaling. These findings dissociated the LPS mimetic effects of Taxol from its well-characterized effects on microtubules. Most importantly, we reported that two LPS structural analog antagonists, RsDPLA and SDZ 880.431, inhibited the LPS mimetic, but not the tubulin binding, activity of Taxol. 5 Thus, we hypothesized that LPS and Taxol might share signaling component(s). Subsequent studies confirmed and extended this hypothesis: Taxol, like LPS, induced NF-κB translocation 6 and lyn kinase autophosphorylation, 7 and synergized with IFN-γ to induce NO • -dependent killing of the intracellular parasite, Leishmania major. 8 It is interesting to note that NF-κB translocation and lyn kinase autophosphorylation, two relatively upstream LPS-inducible activities, distinguished LPS from Taxol signaling. Within 15 s of LPS or Taxol stimulation of macrophages, dephosphorylation of lyn kinase was observed, followed by autophosphorylation which peaked for Taxol at 5 min and for LPS at 15 min. 7 Conversely, the kinetics of LPS-induced NF-κB translocation preceded that induced by Taxol. When suboptimal, but equivalent, NF-κB inducing concentrations of LPS and Taxol were compared for the ability to be inhibited by the lipid A antagonist, RsDPLA, LPSinduced NF-κB translocation was inhibited in a dosedependent fashion, while Taxol was inhibited at all concentrations of RsDPLA. 6 These data suggest that the initial interactions of LPS and Taxol with the putative shared signaling complex differ quantitatively; however, once a signaling threshold is achieved, downstream measurements, such as phosphorylation of MAP kinases or, ultimately, gene expression, proceed fairly comparably.
The development of CD14 knockout (CD14 KO) mice 9 provided us with a unique opportunity to evaluate the role of CD14 in LPS-and Taxol-mediated signaling.
At the 1996 IES meeting in Nagoya, Japan, we presented our findings on the responses of macrophages derived from wild-type versus CD14 KO mice to LPS and Taxol. These data revealed that signaling induced by low LPS concentrations (≤ 10 ng/ml) is wholly CD14-dependent, as shown by a lack of induction of TNFα, IL-1β, and IP-10 genes by CD14 KO macrophages. Taxol induction of these three genes is also CD14-dependent, although the extent of CD14-dependency is less dramatic than observed with LPS. High concentrations of either LPS or Taxol activate a CD14-independent pathway: TNFα and IL-1β mRNA are superinduced, while IP-10 is expressed minimally. TNF protein paralleled levels of steady-state mRNA. CD14 KO macrophages failed to respond to LPS with NF-κB translocation, even at 10 µg/ml (i.e. conditions where TNFα mRNA is strongly induced). These data suggest the existence of two pathways of activation by both LPS and Taxol: one that is CD14dependent and leads to induction of TNFα, IL-1β and IP-10 gene expression and a CD-14-independent pathway that results in the induction of a gene subset. We hypothesized the existence of a CD14-associated signal tranducing molecule with low affinity for both LPS and Taxol. In CD14 KO macrophages, perhaps the putative low affinity binding/signaling protein is engaged directly by high concentrations of either LPS or Taxol, resulting in expression of a gene subset not dependent upon other ancillary signaling pathways normally associated with and/or triggered by CD14 engagement. 10 The appeal of this model is that a shared, low affinity signaling receptor might also be the binding site for lipid A structural antagonists, shown by DeLude et al. 11 to act at a membrane site distinct from CD14 or β 2 -integrins.
USE OF A PHOTOAFFINITY TAXOL ANALOG TO

IDENTIFY NOVEL TAXOL BINDING PROTEINS IN MURINE MACROPHAGE MEMBRANES: CD18 IS A MAJOR
TAXOL-BINDING PROTEIN IN MURINE MACROPHAGES
During the past 2 years, we have focussed on the characterization of this putative 'shared' LPS and Taxol signaling complex. The identification of proteins within an 'LPS signaling complex' has been fraught with technical difficulties due to the extremely hydrophobic nature of LPS-derived probes. To obviate this concern, we used a novel, photoactivatable Taxol analog (PA-Taxol) to crosslink components of this putative, common signaling complex (see Bhat et al. 12 for a more in-depth presentation of the data summarized in this report). PA-Taxol was developed at Bristol-Myers Squibb (BMS) to define the Taxol-microtubule binding domain. 13 To identify novel Taxol-binding proteins that might be part of a putative LPS signaling complex, membranes prepared from thioglycollate-elicited macrophages were incubated with PA-Taxol in the presence of UV light. The premise in any crosslinking analysis is that the crosslinking probe (i.e. PA-Taxol) will bind covalently to proteins in close proximity of the primary ligand binding site. Thus, crosslinked membrane preparations were subjected to SDS-PAGE and then Taxol-substituted proteins detected by Western blotting with rabbit anti-Taxol antibodies. The specificity of the detection system was rigorously controlled (detailed in Bhat et al. 12 ). Seven major Taxol-binding proteins were detected with molecular weights of ~197, 149, 114, 96 (the major species in murine macrophages), 80, 56 and 53 kDa. No obvious differences were observed in the pattern of crosslinking in membranes derived from C3H/OuJ (Lps n ) versus C3H/HeJ macrophages. Blots probed initially with anti-Taxol antibody were stripped and 're-probed' with antibodies directed against candidate proteins. Using this 'guess and check' approach, we were able to exclude a number of molecules previously implicated in LPS signaling, e.g. hck (56 and 59 kDa), fgr (59 kDa), c-raf (74 kDa), P13-kinase (85 kDa), rsk (90 kDa), vav (95 kDa), Sos 1, 2 (170 kDa) and other molecules by their failure to co-migrate with Taxolcrosslinked species. CD14, which exhibits a molecular weight of 53-56 kDa, was also excluded since neither human nor murine sCD14 could be Taxol-crosslinked directly. A comparison of membranes derived from several LPS-responsive cell lines was also undertaken to evaluate the potential for common Taxol binding proteins. Included in this analysis were CHO cell transfectants that overexpress human CD11b/CD18 or murine CD14 [both respond to rough LPS, 11, 14 but not Taxol (unpublished observations)], ST2 (a murine, bone marrow stromal cell line, shown by Kirikae et al. 15 to respond to LPS and Taxol and to be inhibited by RsDPLA), and C3H/OuJ (LPS-and Taxol-responsive) and C3H/HeJ (LPS-and Taxol-unresponsive) macrophage membranes. The pattern of Taxol-binding proteins was identical among CHO cell transfectants, but distinct from those exhibited by the ST2 line and the two macrophage preparations. Several Taxol-binding proteins were common to all preparations analyzed. Nonetheless, the major ~96 kDa Taxol band was detected only in mouse macrophage membranes. Preparative SDS-PAGE was carried out and a band corresponding positionally to the major Taxol-crosslinked species was excised. Liquid chromatography quadropole (LCQ) analysis of proteolytic fragments of proteins within the excised slice identified one as being derived from murine CD18, the common β chain of the β 2 family of integrins. CD18 is expressed as an obligate αβ heterodimer in non-covalent association with a chains (e.g. CD11a, CD11b, CD11c, or CD11d). CD11b/CD18 (also called Mac-1 or CR3) is the most abundant β 2 -integrin on macrophages. Moreover, Mac-1 has been shown to mediate LPS signaling in macrophages 16 and in CHO cells transfected with human CD11b/CD18. 15 To test the hypothesis that the ~96 kDa Taxol binding protein was CD18, we used Mac-1 KO mice. Because Mac-1 KO mice have a targeted mutation in CD11b, 17 the α subunit of Mac-1, CD18 is not translocated to the cell surface. When PA-Taxol crosslinked, Mac-1 KO macrophage membranes were compared to membranes derived from either wildtype control macrophages (i.e. the same genetic background as the Mac-1 KO) or C3H/OuJ macrophages, a coordinate loss of immunoreactive CD18 and the major 96 kDa Taxol binding protein was observed in Mac-1 KO membranes. Competition experiments suggested that the epitope detected by the monoclonal anti-CD18 antibody and bound by Taxol on CD18 must be in close physical proximity. To test the hypothesis that CD11b/CD18 is involved in Taxol-induced gene expression, C3H/OuJ macrophages were pretreated with 25 µg/ml anti-Mac-1 or isotype-matched, control anti-CD122 monoclonal antibody for 15 min before stimulation with medium only, LPS, or Taxol for 24 h. Culture supernatants from duplicate wells were pooled and assayed for IL-12 p70 by ELISA. The data shown in Figure 1 represent the arithmetic mean ± standard deviation of two separate experiments. The data in Figure 1 demonstrate that macrophages pretreated with anti-Mac-1 antibody, but not with medium or the isotype-matched control antibody, exhibited a significant inhibition of LPS-and Taxol-induced IL-12 secretion.
Taken collectively, our data support the hypothesis that CD18 is a major Taxol binding protein in mouse macrophages and may act by focusing Taxol to the membrane for interaction with other signaling components shared by LPS (Fig. 2) . Previous studies have shown that upon LPS stimulation, CD14 and Mac-1 interact transiently. 18 This model proposes that both LPS and Taxol are focussed via CD14 and CD18, respectively, to a common signal transducer. Based on the recent observations that TLR2 can serve as an LPS signaling receptor 19, 20 and that TLR4 has been implicated as the Lps gene based on genetic analyses, [21] [22] [23] it is very likely that Taxol-mediated signaling is also TLR-dependent. 
